The current study investigated the effects of hydroxyselenomethionine (HMBSe), a novel organic selenium (Se) additive, on lactation performance, blood profiles, antioxidative status, and transfer efficiency of Se in early-lactation dairy cows. Sixty multiparous early-lactating dairy cows with similar days in milk (57 d; standard deviation = 9.9) and milk yield (36.5 kg/d; standard deviation = 1.42) were fed a basal diet containing 0.04 mg of Se/kg (dry matter basis). These cows were assigned to 1 of 4 groups following a randomized complete block design as follows: control (basal diet) or HMBSe addition (0.1, 0.3, or 0.5 mg of Se/ kg of dry matter). The experiment lasted for 13 wk, with the first week as adaptation. The results showed that milk yields (raw, protein, and lactose) and feed efficiency were improved in a quadratic manner following increased dietary HMBSe addition, whereas energycorrected milk, 4% fat-corrected milk, and total solid yields tended to be enhanced quadratically. In terms of whole-blood variables, red blood cell and white blood cell levels were increased quadratically, whereas hemoglobin concentration increased linearly with increased HMBSe addition. Plasma nonesterified fatty acid concentrations tended to increase linearly along with HMBSe addition. Plasma superoxide dismutase activity increased quadratically with increased HMBSe addition. The total antioxidant capacity in plasma tended to improve quadratically when cows were fed more HMBSe. Moreover, plasma malondialdehyde concentrations of dairy cows tended to decrease in a quadratic manner when dietary HMBSe increased. The Se concentrations in milk, plasma, and milk/plasma ratio increased linearly following increased HMBSe addition. In conclusion, HMBSe improved lactation performance, health status, and milk Se concentrations in early-lactating dairy cows.
INTRODUCTION
Selenium (Se) is an essential trace element for dairy cows. Feeding Se increases milk production, feed digestibility, antioxidative capacity, and immune function of dairy cows in different physiological stages (Ceballos et al., 2009) . In dairy feeding systems, Se can be supplied to cows in inorganic or organic forms. Inorganic Se, such as sodium selenite, is more prone to dietary and environmental antagonisms (Suksombat et al., 2011) . Organic Se, such as yeast Se and selenomethionine, has been widely used due to its lower toxicity and higher bioavailability (Phipps et al., 2008) .
Compared with organic Se, which is widely used to provide Se to the dairy industry, Se chelated to 2-hydroxy-4-methylthiobutanoic acid (HMBSe) is a new type of feed additive (Kumar et al., 2017) . However, 2-hydroxy-4-(methylthio) butanoic acid (HMB) has been used extensively as a source of supplemental Met (St-Pierre and Sylvester, 2005) , and chelated organic trace minerals (zinc, copper, manganese, or iron) have been studied in dairy cows (Conti et al., 2010) . A recent study found that feeding HMBSe improves the lactation performance and antioxidant status in mid-lactating dairy cows (Sun et al., 2017) . However, the role of HMBSe in lactation performance and health status in early-lactating cows is not currently known. Therefore, the objectives of the present study were to determine the effects of HMBSe supplementation on milk production, antioxidative status, immunity, and its transfer efficiency into milk to evaluate its potential application in the dairy feed industry.
Effect of hydroxyselenomethionine on lactation performance, blood profiles, and transfer efficiency in early-lactating dairy cows MATERIALS AND METHODS
The present study was conducted at the Hangjiang Dairy Farm (Hangzhou, China). All procedures were conducted using protocols approved by the Institute of Dairy Science of Zhejiang University (Hangzhou, China). All animals used in the current study were managed according to standards established by the Institute of Dairy Science, Zhejiang University (Hangzhou, China). All cows were housed in individual tiestalls and milked daily at 0600, 1400, and 2000 h. Throughout the entire experimental period, the health condition of the cows was monitored and recorded.
Animal, Diets, and Experimental Design
Sixty multiparous early-lactating dairy cows with DIM of 57 ± 9.9 (mean ± SD), milk production of 36.5 ± 1.42 kg/d (mean ± SD), and average BW of 590 ± 52.5 kg (mean ± SD) were divided into 15 blocks based on DIM, milk production, and BW. The cows were randomly assigned within the block to 1 of 4 dietary treatments as follows: no Se added (control) and 0.1, 0.3, and 0.5 mg of Se/kg on a DM basis. The HMBSe (white particles; Se, 2,000 mg/kg) was provided by Shanghai Yanhua Bio-Tech Co. Ltd. (Shanghai, China) and Novus International Inc. (Shanghai, China). All cows received the same diet (TMR) containing 0.04 mg/kg Se (DM basis). The composition and nutrient contents of the feed ingredients are presented in Table  1 . All ingredients were mixed in a TMR and offered to individual cows 3 times per day. The HMBSe was fed using a top-dressed method into TMR. All cows had free access to water throughout the entire experiment.
Sampling, Measurement, and Analyses
The offered and refused feed amounts were recorded on the third and fourth days every other week throughout the entire experimental period. Samples from cows fed TMR and orts were collected on the recording days to calculate the DMI (West et al., 2003) . The sample preparation and analysis were performed using methods described previously (Wang et al., 2013a) . All samples were dried in a forced-air oven at 60°C for 48 h and placed in sealed containers until analysis. Samples were ground to pass a 2-mm Wiley mill screen (Arthur H. Thomas, Philadelphia, PA) and then through a 1-mm screen in a Cyclotec mill (Tecator 1093, Tecator, Hö-ganäs, Sweden). Feed samples were analyzed for DM, CP (method no. 988.05; AOAC, 1990) , NDF, and ADF as described previously (Van Soest et al., 1991) .
Milk yield was measured on the third and fourth days in each experimental week, and milk samples were collected from each milking using Waikato Milking Systems meters (Waikato Milking Systems NZ Ltd., Hamilton, New Zealand). Milk samples were composited proportionally (4:3:3, composite) for analysis of content (Wang et al., 2013b) . A 50-mL subsample was treated with bronopol (milk preservative; D&F Control Systems, San Ramon, CA) and stored at 4°C for later determination of fat, true protein, and lactose by infrared analysis (MilkoScan, Foss Electric, Hillerød, Denmark; Laporte and Paquin, 1999) . The MUN was determined using the diacetylmonoxime-binding assay as described in a previous study (Bashtani et al., 2009) . Milk subsamples obtained on the fourth day of experimental wk 4, 8, and 12 were frozen and stored at −20°C for the determination of Se concentration using the method reported in a previous study by Heard et al. (2007) .
Blood samples (10 mL) were collected from the coccygeal vein of each cow 3 h after the morning feeding on the third day of wk 4, 8, and 12 (Wang et al., 2013b ). The collected blood was then centrifuged at 3,000 × g for 10 min at 4°C to collect serum, which was frozen at −20°C until analysis. Serum samples were later thawed and analyzed for quantification of albumin, alkaline phosphatase, γ-glutamyl transferase, aspartate amino transferase, BUN, cholesterol, globulin, glucose, 
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total protein, BHB, nonesterified fatty acids (NEFA), and glutathione peroxidase (GSH-px) according to methods described in previous studies (Davidson et al., 2008) . The concentrations of total antioxidant capacity (T-AOC), superoxide dismutase (SOD), and malonaldehyde (MDA) in the plasma were measured by using previously reported methods (Benzie and Stain, 1996; Zhang et al., 2006) . The determination of Se concentration in serum was the same as that in milk. Additional blood samples from the coccygeal vein of experimental cows were prepared approximately 3 h after the morning feeding on the third day of wk 4, 8, and 12 and immediately placed into a 10-mL tube for whole-blood variable determination. Whole-blood samples were used to determine red blood cell (RBC) count, mean corpuscular hemoglobin, hemoglobin concentration, and white blood cell (WBC) count according to previously reported methods (Faggio, 2014) . Neutrophil, lymphocyte, monocyte, and eosinophil counts were determined according to previously reported methods (da Silva et al., 1992) .
Calculations and Statistical Analysis
The ECM and 4% FCM were calculated as follows: All data were analyzed using the MIXED procedure with repeated measurement with the covariance type AR(1) of the SAS software system (SAS Institute Inc., Cary, NC). A randomized incomplete block design with repeated measurements was used with week, treatment, treatment × week interaction, and block as the main factors. The effect of cow was included as a repeated measure. The results were reported as least squares means and standard error of the mean. Linear and quadratic effects of treatment were tested for feed intake, lactation performance, and plasma variables using orthogonal polynomial contrasts. Probability values of P < 0.05 were used to define statistical significance, and P < 0.10 and P > 0.05 were defined as statistical trends.
RESULTS

Feed Intake and Lactation Performance
The results in terms of feed intake and lactation performance are shown in Table 2 . The DMI did not differ across the treatments (P > 0.05). The yields of raw milk (P = 0.05), protein (P = 0.01), and lactose (P = 0.04) were increased in a quadratic manner following the increased Se addition. The 4% FCM (P = 0.08) and ECM (P = 0.07) of the animals tended to increase quadratically when dietary HMBSe increased. In addition, feed efficiency was improved in a quadratic manner with increased HMBSe addition (P = 0.05). However, milk composition (fat, protein, and lactose) was not affected by HMBSe addition (P > 0.05). 
Variables in Plasma and Whole Blood of Dairy Cows
The effects of additional HMBSe on plasma variables are summarized in Table 3 . The plasma NEFA concentrations tended to increase linearly along with HMBSe addition (P = 0.10). The plasma SOD activity increased quadratically with increased HMBSe addition (P = 0.04). In addition, T-AOC in plasma tended to improve quadratically when cows were fed more HMBSe (P = 0.07). Moreover, plasma MDA concentrations of dairy cows tended to decrease in a quadratic manner when dietary HMBSe increased (P = 0.08). The other plasma variables were not affected by HMBSe addition (P > 0.10). The effects of HMBSe addition on wholeblood variables are shown in Table 4 . The RBC (P = 0.03) and WBC (P = 0.01) counts in the whole blood increased in a quadratic manner with linearly increased HMBSe supplementation, and hemoglobin concentrations in whole blood increased linearly with HMBSe addition (P = 0.01). The other blood variables were not changed by HMBSe addition (P > 0.05).
Se Concentrations in Plasma and Milk of Early-Lactating Dairy Cows
The effects of HMBSe supplementation on Se distribution in biofluids of dairy cows are presented in Table  5 . The Se concentrations in milk (P < 0.01), plasma (P < 0.01), and ratio of milk to serum (P < 0.01) increased linearly with HMBSe supplementation increases.
DISCUSSION
Hydroxyselenomethionine is a newly developed organic Se source. A recent study found that in midlactating cows, supplementation of HMBSe improved milk yield and fat yield in a linear manner, which was partly attributed to its role in improving oxidative status (Sun et al., 2017) . Relative to mid-lactating dairy cows, early-lactating cows are more prone to oxidative stress, which may be attributed to an energy consumption-excretion imbalance. In contrast to the study conducted by Sun et al. (2017) , the present study Values within a row with different superscripts are significantly different (P < 0.05). 1 NEFA = nonesterified fatty acids; GSH-px = glutathione peroxidase; SOD = superoxide dismutase; T-AOC = total antioxidant capacity; MDA = malondialdehyde. 2 L = linear; Q = quadratic. found that milk production increased in a quadratic manner with HMBSe addition. The disagreement may be attributed to Sun et al. (2017) using mid-lactating dairy cows compared with early-lactating dairy cows in the present study. Thus, the variation in the results may be due to the different physiological periods of experimental animals. To the best of our knowledge, the present study is the first to evaluate the effects of HMBSe addition on lactation performance of cows in the early-lactating period. Juniper et al. (2006) found that Se yeast addition (0.27, 0.33, and 0.40 mg/kg of DM) did not affect lactation performance (yield and composition) in early-lactating animals. Thus, the present study suggested that HMBSe is more efficient than Se yeast in improving milk production of early-lactating dairy cows when it is added in an appropriate dose. In summary, HMBSe addition improved lactation performance in both early-and mid-lactating dairy cows without affecting their DMI. However, early-lactating cows may be more sensitive to the dosage of HMBSe supplementation. These data indicated that the optimized HMBSe addition in early-lactating cows should be less than 0.5 mg/kg (DM basis) to improve lactation performance. Glutathione peroxidase is an important Se-containing enzyme in mammals in terms of reducing hydrogen peroxides. Increased plasma Se concentrations led to improved antioxidant capacity (indicated by increased activities of SOD, GSH-px, and T-AOC as well as reduced MDA concentration) of dairy cows (Pilarczyk et al., 2012; Sun et al., 2017) . A previous study reported higher GSH-px, SOD, and T-AOC as well as lower MDA in plasma collected from cows fed increased HMBSe (Sun et al., 2017) . These results were partly consistent with the present study showing increased antioxidant capacity (plasma SOD and T-AOC) and reduced peroxidation product (plasma MDA) following dietary HMBSe addition (Cao et al., 2014; . However, plasma GSH-px activity was not changed by HMBSe supplementation (P = 0.12). The effects of Se on GSH-px depend on many factors, such as DIM, dietary Se content, and Se status of the animals (Knowles et al., 1999; Ortman and Pehrson, 1999) . Although dietary Se concentrations in the basal diet in the present study were similar to those reported by Sun et al. (2017) , the plasma Se concentration of cows in the control group was higher in the present study (83 μg/kg Se in plasma) than that reported by Sun et al. (2017;  70 μg/kg Se in plasma), which may be due to the cows in the study by Sun et al. (2017) being in a less stressed condition (mid-lactating stage). This evidence indicated that HMBSe addition in early-lactating cows may not affect plasma GSH-px status, which agreed with Cerri et al. (2009) , who found that dietary sodium selenite or Se yeast in early-lactating cows does not affect GSH-px activity in plasma. Thus, the effects of HMBSe on plasma GSH-px activity may be varied in different physiological stages. In brief, HMBSe addition improved antioxidant capacity of dairy cows. The increased NEFA and BHB concentrations in plasma indicated alleviated body reserve mobilization. A previous study has reported higher NEFA and lower BHB concentrations in plasma when yeast Se and sodium selenite are introduced to mid-lactating cows (Calamari et al., 2011) , and cows fed Se have better energy and protein metabolism during the summer season (Calamari et al., 2011) . The similarity between the results of Calamari et al. (2011) and those of the present study suggests that Se addition may relieve stress caused by thermal and peak period disorder. In summary, the increased milk yield caused by HMBSe addition may be partly attributed to the improved antioxidative capacity and body reserve mobilization.
The WBC and RBC counts in the blood indicate immunological function of dairy cows (Schulz et al., 2015; Kvidera et al., 2017) , and increased WBC and RBC counts in whole blood indicate an improved immunity (Schulz et al., 2015; Kvidera et al., 2017) . In the present study, the quadratically increased WBC and RBC counts in blood suggested an improved immunity of dairy cows fed median levels of HMBSe (0.1 and 0.3 mg/kg). A previous study found limited effects of Se addition on RBC and WBC in blood of mid-lactating dairy cows (Calamari et al., 2011) . There are several possibilities for the variations between the previous study (Calamari et al., 2011) using mid-lactating cows and the present study using early-lactating cows. First, the immunological status of early-and mid-lactating cows is different (Stevens et al., 2011) . Moreover, the different Se additives were used in the 2 studies [sodium selenite and Se yeast in Calamari et al. (2011) and HMBSe in the present study]. To the best of our knowledge, the present study is the first to report the positive effects of dietary Se addition on RBC and WBC profiles in blood. It has been previously reported that RBC membrane integrity can be linked to the density of RBC in whole blood and antioxidant status in humans (Lubrano et al., 2000) . Thus, HMBSe may improve RBC and WBC in the blood through reducing oxidative stress and maintaining membrane integrity of RBC of dairy cows. Moreover, as RBC and WBC in blood are indirect indicators of the immunological status of dairy cows, future studies should be conducted to understand whether dietary HMBSe addition changes functional gene expression of RBC and WBC in dairy cows as well as gene expression of immune cells (Wang et al., 2013c) and cytokine levels (Martin et al., 2016) to further describe the immunology status change in dairy cows. Selenium status is an important trait for dairy cows and can be assessed by evaluating its concentrations in plasma. A previous survey concluded that adequate plasma Se concentration in dairy cows is more than 79 μg/L (Sivertsen et al., 2005) . However, another study found that cows in different periods, including the dry period (90 μg/L), transition (130 μg/L), and early lactation (100 μg/L), have different requirements for Se (Gong and Xiao, 2016) . In the present study, the plasma Se concentration of early-lactating cows fed a basal diet was 82.8 μg/L, which was lower than that of early-lactating cows as reported by Gong and Xiao (2016) . Despite individual variation, the report by Gong and Xiao (2016) and the increased milk yield of cows with increased HMBSe addition in the present study suggest that Se provided in the basal diet was not sufficient for cows in the current experimental condition. The responses of Se concentrations in plasma to dietary HMBSe addition, milk, and milk/plasma ratio were similar to those reported by Sun et al. (2017) , indicating that early-and mid-lactating cows have similar responses to HMBSe accumulation in the plasma and milk. Compared with Wang et al. (2009) , who fed diets containing a similar dose of Se-yeast (0.15, 0.30, and 0.45 mg of Se/kg of DM) to early-lactating dairy cows, the milk Se concentrations of HMBSe-fed cows in the current study seemed to be lower. This indicated that in early-lactating cows, transfer efficiency of dietary HMBSe to milk is lower than that of Se-yeast, which could be attributed to the different chemical structure of the 2 Se additives. Thus, further studies should be performed to investigate why Se-yeast had better milk transfer efficiency than HMBSe and why linearly increased HMBSe addition improves the Se ratio of milk/ plasma.
CONCLUSIONS
The present study found that HMBSe supplementation improved the lactation performance, health status, and Se ratio of milk/plasma of cows in the early-lactating stage. The present study indicated that HMBSe is a potential Se source to improve performance and food quality in early-lactating cows.
